The objective of this study was to investigate the effects of fulvic acid (FA) and humic acid (HA) as the two main compounds of humic substances, separately on Fe and Mn homeostasis. Seventy-two male Wistar rats were randomly divided into 9 experimental groups. The control diet (AIN-93G formula) and diets supplemented with 0.1%, 0.2%, 0.4% and 0.8% HA or FA were fed for 26 days. Fe and Mn concentrations of the large intestinal content, liver, kidney, femur and hair were determined. No significant differences were observed in the production parameters. The effects of FA and HA on iron homeostasis were significantly different. FA proved to be a good iron source, and slightly increased the iron content of liver and kidney, but -up to a dietary iron level of 52.7 mg/kg -it did not influence the efficiency of iron absorption. Above a dietary iron level of 52.7 mg/kg down-regulation of Fe absorption can be assumed. HA significantly stimulated the iron uptake and there was no down-regulation of Fe absorption up to 0.8% dietary HA supplementation level (61.5 mg Fe/kg diet). In the HA groups the iron content of the liver and kidney decreased significantly, suggesting that in spite of the better Fe absorption, the HA-Fe complex does not provide iron to the investigated organs. Neither FA nor HA supplementation influenced the Fe content of the femur and hair and slightly decreased the Mn concentration in the large intestinal content. This effect was significant (with a 22.7% Mn concentration decrease) only at the HA supplementation rate of 0.8%. Neither FA nor HA influenced significantly the Mn concentrations of the liver, kidney and femur. The Mn concentration of the hair in rats receiving FA-or HA-supplemented diets was higher than in the control rats; however, this result needs further confirmation.
Acta Veterinaria Hungarica 65, 2017 animals, and they are regarded as possible alternatives to antibiotic growth promoters that have been phased out in line with the relevant EU legislation since the end of 2005.
HSs include humus, humic acid, fulvic acid, ulmic acid, and trace minerals, which are necessary for plant development (Stevenson, 1994; Herzig et al., 2009 ). The two most active fractions of HSs are humic acid (HA) and fulvic acid (FA) . HA has a medium molecular weight around 5,000-100,000 Daltons. FA has the lowest molecular weight, around 2000 Daltons (Islam et al., 2005) . Humic acids have been shown to exert various effects through their chemical structure, the heterogeneous functional groups, their adsorption capacity and complex-forming ability (Madronova et al., 2001) .
Although HSs can combine with metal ions, oxides and clay to form water-soluble or insoluble complexes and can interact with organic compounds (Boyd et al., 1981; Livens, 1991; Islam et al., 2005) , only a few studies have investigated the specific effects of FA or HA on the intestinal absorption of trace elements (Willis, 2015) and on the trace element concentrations in different organs of piglets (Zraly and Pisarikova, 2010) and rats (Cagin et al., 2016) .
It seems that the discrepancies found in the literature regarding the effects of HSs on the production traits of poultry (Bailey et al., 1996; Parks, 1998; Kocabagli et al., 2002; Mevlüt et al., 2004) and piglets (Schuhmacher and Gropp, 2000; Kaya and Tuncer, 2009 ) might be due to differences in the composition of HSs. Such differences emphasise the care that must be used when drawing conclusions from data collected by different researchers, using different HSs. Thus, it is imperative to characterise HSs and highlight the importance of further delineating the effects of the two main compounds (FA and HA) of HSs individually.
The question arises as to how HSs influence the mineral homeostasis of animals when used as potential growth promoters. The objective of this study was to investigate the effects of FA and HA separately, on the concentration of Fe and Mn in the large intestinal contents (which roughly gives an indirect picture about the absorption of the trace elements), and also on the trace element concentrations in the liver, kidney, femur, and hair of rats.
Materials and methods

Animals
Seventy-two weaned, Wistar CRL:(WI) BR, male, SPF rats were used in this experiment. Animals were housed in individual cages at 24 °C ambient temperature. After 4 days adaptation the animals were divided into 9 dietary treatment groups on the basis of their body weight, which was balanced among the treatment groups. One control and 8 treatment groups were set up. The control diet was prepared according to the AIN-93G formula of the American Institute of Nutrition (Reeves, 1997) . The experimental diets were prepared by supplementation of the control diet with 0.1%, 0.2%, 0.4%, and 0.8% of FA or HA in place of starch. The diets were fed for 26 days. Water and feed were provided ad libitum during the experiment.
HS fractionation
Both FA and HA were donated by ORGANIT Ltd. (Veszprém, Hungary). FA and HA were extracted from leonardite [a soft waxy, black and brown, shiny vitreous mineraloid easily soluble in alkaline solution; it is an oxidation product of lignite, associated with near-surface mining (Neuendorf et al., 2011) ] briefly as follows: the leonardite powder (10%) was dissolved in 2% NaOH solution at 60 °C for 2 h and was oxidised with 3% hydrogen peroxide. After this extraction the supernatant was treated with HCl (5%). In this process the HA fraction precipitates, while the FA fraction remains in the supernatant. For the purification of FA from non-humic materials (amino acids, peptides, sugars, etc.) resin column separation was used. At low pH the FA adsorbs on the resin, but non-humic materials pass through the column. With the above-mentioned standardised process chemically pure HA and FA can be produced without any contamination (heavy metals, amino acids, sugars, etc.).
Measurements and analysis
Body weight (BW) and feed consumption were measured three times a week. On day 26 of the trial all of the rats were narcotised (90 mg/kg BW CP ketamine and 0.5 mg/kg BW medetomidine) and exsanguinated. Samples of large intestinal (caecum + colon) content, liver, kidney, femur and hair were collected and stored at -20 °C until further examinations.
The sample preparation procedures were as follows. The liver and kidney samples and the large intestinal content were dried at 60 °C for two days, crushed by mortar, homogenised and microwave-digested (Milestone MLS 1200) with 65% nitric acid. Femur samples were cleaned of non-osseous tissue, dried at 60 °C, then ashed at 550 °C for at least 48 h.
Hair samples were washed with a solution of 1% sodium lauryl sulphate, washed repeatedly with deionised water, dried and then ashed at 550 °C overnight. The ashes were then dissolved in 6 M hydrochloric acid. Fe and Mn concentrations were determined by a Carl Zeiss Jena AAS3 atomic absorption spectrometer. In case of hair samples, because of low collectible quantities per animal, identical quantities were collected from each animal and pooled into treatment groups.
The results are expressed as means ± SD. Statistical analysis of data was performed by one-way analysis of variance (ANOVA) with Tukey's post-hoc multiple comparison test. Response curves were fitted by linear and quadratic regression procedures using MS Excel 2003 software.
The experimental protocol met the standard criteria of the Scientific Ethics Committee of Animal Experiments of the University of Veterinary Medicine, Budapest, Hungary.
Results and discussion
Effects of FA and HA on the trace element concentrations of diets As Acta Veterinaria Hungarica 65, 2017 Effects of FA and HA on production
Compared to the control rats, none of the supplemental doses of FA or HA influenced the production parameters of the rats significantly (this was also true with pooled data analysis of different treatment groups) (feed intake: control 6.54 ± 0.19, FA 6.53 ± 0.43, HA 6.60 ± 0.33 g/100 g BW; body weight gain: control 2.16 ± 0.19, FA 2.10 ± 0.14, HA 2.16 ± 0.15 g/100 g BW; feed/gain ratio: control 3.02 ± 0.32, FA 3.13 ± 0.34, HA 3.07 ± 0.32 g/g).
Regarding the production parameters, the data available in the literature are contradictory. Our results showing no significant feed intake or body weight changes are in accordance with the data of Schuhmacher and Gropp (2000) in weaning pigs and with those of Mevlüt et al. (2004) and Kaya and Tuncer (2009) in broilers.
Contrary to these reports, when Menefee ® Humate (containing 60% HA and 26% FA) was fed to poultry, significantly increased body weight gain and feed/ gain ratio were observed (Bailey et al., 1996; Parks, 1998; Kocabagli et al., 2002) .
Concerns have been raised regarding the possible adverse effect(s) of the high iron content of HSs on the production traits. Fischer et al. (2002) suggested that up to 1500 mg/kg BW HSs had no adverse effects on the growth rate of rats. Yeung et al. (2005) also reported that a high concentration of NaFeEDTA, also a chelated form of iron, had no effects on the body weights of rats and was not toxic, likely due to the down-regulation of intestinal iron absorption.
Although the mechanism of the assumed growth promoting effect of HSs is not completely understood, Kocabagli et al. (2002) hypothesised that HSs might increase the intestinal uptake of nitrogen, phosphorus and other nutrients due to their chelating properties. The factors behind the published discrepancies relating to the growth promoting effects of HSs might be the different composition (FA/HA ratio) of humic products ( Kocabagli et al., 2002) on the market and/or the animal species used.
Effects of FA and HA on trace element concentrations of the large intestinal content, liver, kidney, bone and hair
When evaluating the effects of FA and HA supplementation on the trace element homeostasis, two factors must be taken into consideration, namely the effect of their mineral content and their effects as biologically active substances. We assumed that the dose-related differences between the mineral concentration changes of the FA-or HA-supplemented diets and that of the large intestinal contents and the different organs may give direct (trace element concentrations of organs) and indirect (absorption) information about the specific effects of FA or HA on mineral absorption and homeostasis.
The prerequisite of the veracity of this assumption is that there are no significant differences in the digestibility of the organic matter of the experimental diets between the control and treatment groups. In our experiment the organic components of the diets were identical, and the feed intake, body weight gain and the feed/gain ratio did not differ significantly from the control values.
Iron
Iron is an essential trace element, which is necessary for different biological functions including oxygen transport, mitochondrial electron transfer, and several enzymatic reactions. It can be toxic, and excess iron may increase the formation of oxygen free radicals. Consequently, the iron homeostasis must be strictly regulated to prevent the accumulation of toxic quantities in the organisms. It is believed that the iron homeostasis is regulated at the level of absorption by the proximal small intestine (Miret et al., 2003) . However, Takeuchi et al. (2005) reported that in iron-deficient mice there was a significant level of expression of the iron absorption genes Ireg1 and DMT1 in the caecum and in the proximal and distal colon.
As Morgan and Oates (2002) summarised, iron absorption from the small intestine is regulated according to the body's needs, increasing in iron deficiency and decreasing in iron overload. It has been proposed that the efficiency of absorption is determined by the amount of iron acquired by developing enterocytes when they are in the crypts of Lieberkühn and that this regulates the expression of iron transporters such as DMT1 in mature enterocytes of the intestinal villi. In the crypts the cells take up iron from plasma transferrin by receptor-mediated endocytosis, a process that is influenced by the haemochromatosis protein (also known as HFE protein). Hence, the availability of plasma transferrin-bound iron and the expression and function of transferrin receptors (TfR1), HFE and DMT1 should all contribute to the absorptive capacity of villus enterocytes.
Although, in a mouse gut model, Willis (2015) demonstrated that both FA and HA significantly stimulated the intestinal absorption of iron, there are no data in the literature about the dose-related effect of pure FA and HA on trace element absorption in an in vivo model.
The data of our experiment (Table 1) show that both FA and HA supplementation increased the iron content of the diets substantially and in a dosedependent manner.
Feeding of the FA-supplemented diets increased the Fe concentration of the large intestinal content (LIC) significantly (P < 0.05) and in a dose-related manner (R 2 = 0.975) above the control value (Table 2 and Fig. 1 ). This followed the relative iron concentration change of the diets up to 0.4% FA supplementation. At 0.8% FA, the relative increment of Fe concentration in LIC was 20% higher than its increase in the diet, suggesting that up to a dietary iron level of 52.7 mg/kg FA did not influence the efficiency of Fe absorption, probably due to the fact that because of the increased Fe supply, proportionally more iron was absorbed. Above these iron levels a down-regulation of intestinal absorption is likely (Fig. 1) . Different superscripts in the same row mean a significant difference at P < 0.05 level rats adapted to high dietary iron concentration by down-regulating the absorption of iron. Dose-dependent responses were also observed in an acute iron toxicity study (Whittaker et al., 2002) . Because it was believed that the absorption of HA from the intestine is poor (1-5%) (Islam et al., 2005) and the binding between Fe and HA is tight (Davies et al., 1997) , we hypothesised that the HA-Fe complex would be absorbed poorly from the intestine. Contrary to this hypothesis, the Fe concentration in the large intestinal content of HA rats remained at the control level and did not follow the relative increment of Fe concentration of the diets, suggesting that the efficiency of iron absorption from the intestine increased with the dose of HA (Fig. 1 ) (at least 40% more iron absorption was noted), and up to 0.8% dietary HA supplementation a significant down-regulation of Fe absorption cannot be assumed.
Since the mechanism of absorption of HA-Fe is not clear, further investigations are needed to better understand this phenomenon. However, there is room for some speculations based on the suggestion of Pena-Méndez et al. (2005) in that given the mass spectra of humic acids the majority of the peaks were observed in the m/z region of 100-1000 Da. It is possible that in an alkaline environment the molecular weight of HA-Fe is small enough to be absorbed from the intestinal tract. On the basis of these speculations we may assume that the relative changes of Fe concentration in the LIC are the consequence of the different efficiency of intestinal absorption.
The iron status of animals is presumably the most important physiological factor affecting iron absorption (Magnusson et al., 1981; Taylor et al., 1988; Lynch et al., 1989) . Unlike many other nutrients, the body lacks a defined mechanism for the active excretion of iron, so body iron levels must be regulated at the level of absorption in the proximal small intestine (David and Anderson, 2005) . The first step in the absorption process is the uptake of iron from the lumen of the intestine across the apical membrane into the enterocyte. The divalent metal transporter (DMT1) of brush border mediates this. DMT1 may be mediated by IRPs (iron regulatory proteins). The discovery of hepcidin (Nicolas et al., 2001 ), a protein that inhibits the iron absorption from the intestinal tract, placed the focus on the central role of liver in iron homeostasis.
Hepcidin is a small peptide synthesised by liver cells. It is a key regulator of iron homeostasis in mammals. Iron overload increases while anaemia decreases the hepatic production of hepcidin. These provide evidence of a negative feedback loop in which iron status regulates intestinal DMT1 expression, which in turn controls iron uptake. In isolated duodenal segments 200 nmol/l hepcidin induced a significant reduction in iron transport and DMT1 protein levels (Brasse-Lagnel et al., 2011) . Iron not transferred to the body is incorporated into the iron storage molecule ferritin and is lost when the epithelial cell is ultimately sloughed at the villus tip.
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Summing up the results relating to the iron concentration change in LIC, Fig. 1 clearly shows that there is a statistically significant difference between the effect of FA and HA on iron absorption (Fe concentration of the LIC). FA turned out to be a good iron source but did not influence the relative rate of iron absorption; it paralleled with the Fe contents of the diets up to 52.7 mg/kg (0.4% FA supplementation), while above this dietary Fe concentration, down-regulation of iron absorption was likely.
HA stimulated the relative rate of Fe absorption: up to 61.5 mg/kg dietary Fe concentration the iron content of the LIC was identical with the control level, suggesting that the extra iron added to the diets by the HA supplementation was quantitatively absorbed. There was no apparent down-regulation of iron absorption up to the investigated highest dietary Fe concentration.
An interesting question can be posed: where is the absorbed excess iron in the organism? Given that the liver is the main site of iron storage, the iron contents of the liver and the extrahepatic tissues may provide useful information regarding iron homeostasis. Table 2 shows that in rats on FA-supplemented diets the iron content of the liver increased but not significantly over the control level, and there was also a mild but significant increase in the Fe content of the kidney relative to the control value.
The Fe concentration of the femur and hair was not different from that of the control. Therefore, we may assume that in the FA-supplemented rats the ironstoring capacity of the organism was saturated at and above 52.7 mg/kg dietary iron levels, and consequently the intestinal iron absorption was down-regulated.
Contrary to the FA-supplemented diets, HA treatment decreased the Fe concentration in the liver and kidney but not in the femur and hair (Table 2) . There were significant differences between the liver and kidney Fe concentrations of FA and HA rats.
An explanation for the different effects of FA and HA on iron homeostasis may be that the binding of Fe to HA is much tighter than to FA (Davies et al., 1997) . This is why HA did not provide iron either to the liver or to the other investigated organs. It is also possible that HA received Fe from the liver because of its strong free iron binding capacity. This speculation is aligned with the result of Yeung et al. (2005) that iron administered in the form of NaFeEDTA significantly decreased the iron content of the liver compared to FeSO 4 , although the same quantity of iron was absorbed from both Fe sources.
Although it is generally accepted that there is no urinary elimination of iron, Wareing et al. (2000) reported that the plasma iron can be included in the glomerular filtrate but most of it is reabsorbed by the loop of Henle. Further evidences for the possibility of urinary excretion of chelated iron or heavy metals are the successful treatment of beta thalassaemia with the orally administered chelator 1,2-dimethyl-3-hydroxypyrid-4-one, which is as effective as subcutane-ous desferrioxamine in increasing urinary iron excretion in patients loaded with iron (Kontoghiorghes et al., 1987) , and that intravenous EDTA treatment resulted in a significant increase of urinary losses of lead, zinc, cadmium and calcium (Waters et al., 2001) . In another study (Tandon et al., 1984) iron excretion in the urine increased within a 24-h period after injection with metal chelators (EDTA and DTPA). The treatment of patients diagnosed with heavy metal poisoning (Pb, Cd) also works along this line (Herzig et al., 1994; Zraly et al., 2008) .
Because HA is also a good metal chelator, we speculate that the absorbed HA-Fe complex could have been eliminated from the organism by the kidney. This may lead to an iron deficient situation that can explain the lack of downregulation of iron absorption from the intestinal tract of HA-treated rats.
Although the exact mechanism(s) of the significantly different effects of FA and HA on iron absorption are still unknown, the most likely explanation is the different binding strength of HSs for Fe.
Manganese
Manganese is an essential trace element which is important for the normal metabolism of lipids, amino acids and carbohydrates, and has a significant function in several enzyme families. Approximately 1-5% of the ingested Mn is absorbed from the intestine (Aschner and Aschner, 2005) . Although the specific mechanism of its absorption is not fully understood, it is believed that the site of Mn absorption is the small intestine, predominantly the duodenum (Moshtaghie et al., 2006) . Manganese shares structural, biochemical and physiological functions with iron (Reid et al., 2006) , and some evidence suggests that because these two elements are absorbed by the same transporter system (transferrin, Tf receptors, divalent metal transporter-1), there is a competition between Mn and Fe in the gastrointestinal tract (Gunshin et al., 1997) . According to Aisen et al. (1969) , within the plasma Mn is mainly attached to gamma-globulin and albumin, and a fraction of trivalent (3+) Mn is bound to transferrin. Manganese homeostasis is regulated by the liver (Papavasiliou et al., 1966; Klaasen, 1974) ; however, if the hepatic excretory route is blocked or overloading occurs, pancreatic excretion increases (Watts, 1990) . Urinary Mn excretion is very low and independent of the intake (Yoshida et al., 2012) . Because manganese is toxic in excessive amounts (Keen et al., 1994) , the elimination of excess Mn from the organism is essential.
The effect of chelating agents on the biliary and urinary excretion of Mn is controversial; it was found to depend on the level of Mn loading and the type of chelates (Cikrt et al., 1987; Wieczorek and Oberdöster, 1989) .
In this experiment, neither FA nor HA influenced the Mn content of the experimental diets significantly. Even at the highest supplementation level (0.8%) the Mn concentration changes of the diets were negligible (3.5% and 0.6%, respectively) (Table 1) . Different superscripts in the same row mean a significant difference at P < 0.05 level of the LIC was always lower in the FA-supplemented than in the control animals (-7.2% as compared to the control) (Fig. 2, Table 3 ). The same results can be seen at 0.1, 0.2 and 0.4% HA supplementation levels; however, the 0.8% dietary HA level significantly decreased the Mn concentration of the LIC (-22.7%). We could see a weak dose-related effect of HA; however, statistically this was not significant (Table 3 ). The changes of Mn concentrations in the LIC provide only indirect information about the actual balance of Mn absorption and excretion; however, it is clear that the balance of absorption and excretion is positive, more Mn was absorbed in the treatment groups than in the control, at least in the case of rats fed HA-supplemented diets. Neither FA nor HA supplementation of the diets influenced the Mn concentrations of the liver, kidney and femur significantly. The Mn content of the hair samples was consistently higher than the control value in both the FA-and the HA-treated rats; however, without a statistical analysis, due to the determination made in pooled samples, this result is not conclusive (Table 3) .
Conclusions
Finally, on the basis of the results of this experiment the following conclusions can be drawn: (1) The effects of FA and HA on iron homeostasis were significantly different. (2) FA proved to be a good iron source; its absorption paralleled with the Fe contents of the diets up to 52.7 mg/kg (0.4% FA supplementation), but above this level, a down-regulation of Fe absorption can be assumed. (3) The slight increase of Fe concentration in the liver of FA-supplemented rats was not significant. (4) The Fe concentrations of the kidney were significantly higher than in the control rats at all FA supplemental levels. (5) HA significantly stimulated the iron absorption and there was no down-regulation of Fe absorption up to 0.8% HA supplementation level (61.5 mg Fe/kg diet). (6) Despite the noted absorption of the HA-Fe complex, the iron contents of the liver and kidney of the rats decreased significantly, suggesting that HA is not a good iron source and in case of parenteral administration it can be a good tool in the treatment of beta thalassaemia or heavy metal toxicities. (7) Neither FA nor HA supplementation influenced the Fe contents of the femur and hair. (8) Both FA and HA decreased the Mn concentration in the LIC but this effect was significant only at the 0.8% HA supplementation level (-22.7%). (9) Neither FA nor HA influenced significantly the manganese concentrations of the liver, kidney and femur. (10) The Mn concentration of the hair was higher in rats fed FA-and HAsupplemented diets than in the control; however, this result needs further confirmation.
